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Transcription of snRNA genes depends upon the recognition of the proximal sequence element (PSE)
by the snRNA activating protein complex SNAPc. In Drosophila melanogaster, all subunits of
DmSNAPc (DmSNAP43, DmSNAP50, and DmSNAP190) are required for PSE-binding activity. Previous
work demonstrated that a non-canonical DmSNAP43 domain bounded by residues 193–272 was
essential for DmSNAPc to bind to the PSE. In this study, the contribution of amino acid residues
within this domain to DNA binding by DmSNAPc was investigated by alanine-scanning mutagenesis.
The results have identiﬁed two clusters of residues within this domain required for the sequence-
speciﬁc DNA-binding activity of DmSNAPc.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The small nuclear RNA (snRNA) activating protein complex
(SNAPc), also termed PTF, is a multi-subunit transcription factor re-
quired for transcription of snRNA genes (reviewed in [1–4]). The
snRNAs are small non-coding RNAs involved in many essential cel-
lular functions including RNA processing (e.g. pre-messenger RNA
splicing and ribosomal RNA processing) and other gene regulatory
events (e.g. transcription initiation and elongation) [5–10]. In ani-
mals, the transcription of snRNA genes depends upon a promoter
element termed the proximal sequence element (PSE) located
about 40–65 bp upstream of the transcription start site. The bind-
ing of SNAPc to the PSE is an essential step for pre-initiation com-
plex (PIC) assembly on snRNA promoters and the subsequent
recruitment of RNA polymerase to initiate transcription [1–4,11].
In the fruit ﬂy Drosophila melanogaster, DmSNAPc contains three
distinct subunits (DmSNAP43, DmSNAP50, and DmSNAP190) that
form a stable heterotrimeric complex prior to binding to the PSEA
(the Drosophila PSE) [12–14]. These three subunits are evolution-
arily conserved from trypanosomes to humans and represent the
‘‘core SNAP subunits’’. All three are essential for sequence-speciﬁcchemical Societies. Published by E
istry and Biochemistry, San
nited States. Fax: +1 619 594
. Stumph).PSEA binding as none of the three subunits can bind to the PSEA
either individually or in any pair-wise combination (our unpub-
lished observations). Earlier studies that investigated the binding
of DmSNAPc to the PSEA sequence by using site-speciﬁc protein–
DNA photo-cross-linking revealed that each of the three subunits
directly contacted the DNA when DmSNAPc was bound to either
a U1 or a U6 PSEA [12,13].
In humans and fruit ﬂies, SNAP190 contains an evolutionarily
conserved Myb domain with multiple Myb repeats that are in-
volved in binding to the DNA [13,15–17], and SNAP50 contains a
zinc-binding ‘‘SNAP ﬁnger’’ that is required for SNAPc PSE-binding
activity [16,18,19]. In contrast, SNAP43 does not possess any canon-
ical DNA-binding domain with known resemblance to any other
DNA-binding protein. However, truncation analysis revealed that
a C-terminal region of DmSNAP43 encompassing residues 172–
274 was required for the PSEA-binding activity of DmSNAPc, even
though this region was not required for DmSNAP43 assembly with
either DmSNAP50 or DmSNAP190 [19]. However, those studies did
not address whether this domain directly contacted the DNA or
simply assisted DmSNAPc to adopt a conformation compatible with
DNA binding.
This question was addressed by subsequent experiments that
used site-speciﬁc protein–DNA photo-cross-linking combined with
site-speciﬁc chemical cleavage of the protein to map domains of
DmSNAP43 that interact with the PSEA [16]. The results, summa-
rized schematically in Fig. 1A, revealed that a domain oflsevier B.V. All rights reserved.
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Fig. 1. Identiﬁcation of evolutionarily conserved amino acid residues within a DNA-binding domain of DmSNAP43. (A) Schematic representation of the DmSNAP43 domains
that contact phosphate positions 20, 28, and 40 when DmSNAPc binds to a U1 PSEA. From previous work, a domain bounded by residues 193 and 272 cross-linked to
phosphate positions 28 and 40 [16], and truncation analysis indicated that this domain was required for the DNA-binding activity of DmSNAPc [19]. This region of DmSNAP43
is the subject of the current work. A domain bounded by residues 1–192 contacted position 20 [16] and was also required for the association of DmSNAP43 with DmSNAP50
and DmSNAP190 [19]. Other phosphate positions indicated by the spheres on the ribbon backbone cross-linked to DmSNAP43 but have not been localized to a speciﬁc region
of the protein. The linear diagram below the double helical DNA shows the positions of the U1 PSEA and PSEB as projected onto the double helix above. The numbers above
the linear diagram indicate the nucleotide positions relative to the ﬁrst nucleotide of the PSEA, and the numbers below indicate the positions relative to the transcription start
site of the U1:95Ca gene. (B) Alignment and analysis of insect SNAP43 sequences within the domain bounded by residues 193 and 272 of DmSNAP43. Five Drosophila
sequences were used in this comparison: Dm: melanogaster (FlyBase ID: FBpp0082644); Dp: pseudoobscura (FBpp0281621); Dw: willistoni (FBpp0248349); Dv: virilis
(FBpp0237885); Dg: grimshawi (FBpp0148220). A sequence from the mosquito Anopheles gambiae (Ag) (NCBI RefSeq XP_001689111) was also included as an example from a
more distant insect. Residues shown in bold font possessed side chains that were either identical or had very similar chemical properties in all ﬁve of the Drosophila
sequences. A bold font residue was also underlined if it was a perfect match to the consensus amino acid residue shown below. The most conserved residues were grouped
primarily into three clusters as denoted by the horizontal lines above the sequences. An initial round of alanine substitutions was carried out within each cluster, and the
three DmSNAP43 constructs were named mut1, mut2, and mut3 as shown at the very bottom of the ﬁgure.
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phates 28 and 40 of the U1 PSEA. Those results suggested that
the region of DmSNAP43 bounded by residues 193 and 272 is in-
volved in contacting the DNA downstream of the U1 PSEA. Since
this domain appears not to share any sequence similarity to any
characterized DNA-binding domains, we decided to investigate
the contribution of amino acid residues within this domain to
DmSNAPc DNA-binding activity.
To accomplish this, blocks of three to six amino acids at a time
were mutated to alanine, and the DNA-binding activity of
DmSNAPc containing each DmSNAP43 mutant construct was as-
sessed. Our ﬁndings have identiﬁed groups of DmSNAP43 amino
acid residues that are essential for DmSNAPc to bind sequence-
speciﬁcally to DNA.
2. Materials and methods
2.1. DmSNAPc constructs and expression
The preparation of untagged constructs encoding wild type
DmSNAP50 and DmSNAP190 and N-terminal 6xHis-FLAG-tagged
DmSNAP43 constructs under the control of the copper-inducible
metallothionein promoter has been previously described [19]. Ala-
nine substitutions in DmSNAP43 were prepared by using the
QuickChange II site-directed mutagenesis kit (Stratagene).
Tagged wild type or mutant DmSNAP43 constructs were each
co-expressed with untagged DmSNAP50 and DmSNAP190 in stablytransfected Drosophila S2 cells as previously described [19]. Sub-
unit co-expression was induced with copper sulfate and conﬁrmed
by immunoblotting. DmSNAP43 constructs were detected by using
anti-FLAG M2 monoclonal antibodies (Sigma product# 077K6006).
The detection of untagged DmSNAP50 or DmSNAP190 was per-
formed by using antibodies prepared against synthetic peptides
whose sequences correspond to C-terminal amino acid sequences
of either DmSNAP50 or DmSNAP190 [13]. In all cases, the antibod-
ies were diluted 1/5000 for the immunoblots.
2.2. Protein puriﬁcation
Following copper sulfate induction, cells (four 15 cm diameter
plates per cell line grown to 100% conﬂuency) were lysed in
CelLytic M lysis buffer (Sigma) containing 1% protease inhibitor
cocktail (Sigma). Lysateswere then adjusted to aNaCl concentration
of 0.5 M prior to incubating with ProBond resin (Invitrogen) for 2 h
to allow the capture of complexes containing 6xHis-FLAG-tagged
DmSNAP43 together with associated DmSNAP50 and DmSNAP190.
The resins were then washed three times in 50 mM NaH2PO4 (pH
8.0), 0.5 MNaCl, 20 mM imidazole and then once in HEMG-100 buf-
fer (100 mM KCl, 25 mMHEPES K+ (pH 7.6), 12.5 mMMgCl2, 10 lM
ZnCl2, 0.1 mMEDTA (pH 8.0), 10% glycerol, 3 mMdithiothreitol, and
0.5 mMphenylmethylsulfonyl ﬂuoride) with 20 mM imidazole. The
complexes were eluted from the resin with 750 mM imidazole in
HEMG-100 buffer and then dialyzed against HEMG-100 buffer
without imidazole.
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Protein–DNA incubations for DNA mobility shift assays were
carried out in 21-ll volumes in a ﬁnal concentration of 80 mM
KCl, 20 mM HEPES K+ (pH 7.6), 10 mM MgCl2, 8 lM ZnCl2, 80 lM
EDTA (pH 8.0), 8% glycerol, 2 mM dithiothreitol and 0.4 mM phen-
ylmethylsulfonyl ﬂuoride. The radioactive DNA probe contained
the wild type promoter sequence of the D. melanogaster U1:95Ca
gene from 73 to 5 relative to the transcription start site. Incuba-
tions of the DNA probe with DmSNAPc containing wild type or
alanine-scanning mutants of DmSNAP43 were carried out for
30 min at 20 C. Complexes were then run on 5% non-denaturing
polyacrylamide gels in 25 mM Tris, 190 mM glycine, 1 mM EDTA
(pH 8.3) and detected by autoradiography.
2.4. Chromatin immunoprecipitations (ChIPs)
ChIP assays were carried out as previously described [19]. Afﬁn-
ity-puriﬁed polyclonal anti-FLAG antibodies (Sigma product#
F7425) were used to immunoprecipitate protein–DNA complexes con-
taining 6xHis-FLAG-tagged DmSNAP43 constructs. Anti-DmSNAP43
antibodies produced in a rabbit immunized with bacterially
expressed recombinant DmSNAP43 were used as a positive control
in the ChIP assays [11]. Pre-immune serum from the same rabbit
was used as a negative control. The ChIP PCR forward primer
(50-GTGTGGCATACTTATAGGGGTGCT-30) and reverse primer
(50-GCTTTTCGATGCTCGGCAGCAG-30) amplify the promoter region
of the U1:95Ca gene from 1 to 107 relative to the transcription
start site [11]. In all experiments, the amounts of DNA samples and
PCR conditions were chosen such that the resultant signals were
within a semi-quantitative range.A B
Fig. 2. Mutations within two clusters of DmSNAP43 conserved residues have no
effect on DmSNAP complex formation but result in reduced DmSNAPc DNA-binding
activity. (A) Immunoblots demonstrating that DmSNAP50 and DmSNAP190 asso-
ciated with tagged DmSNAP43 wild type and mutant constructs during nickel-
chelate column chromatography. The amounts of protein in each lane (7.2, 6.0, 10.0,
and 3.0 lL for lanes 1–4, respectively) were normalized to provide nearly identical
band intensities for the tagged DmSNAP43 constructs that were detected with anti-
FLAG antibodies (upper panel). The same amounts of protein complex were then
analyzed with antibodies against DmSNAP50 or DmSNAP190 (middle and lower
panels). (B) Electrophoretic mobility shift analysis (EMSA) of nickel column-puriﬁed
DmSNAP complexes with a DNA fragment containing a U1 PSEA sequence. To
assure that approximately the same amount of DmSNAPc was added to each
reaction, the amounts of protein employed were the same as the amounts of protein
used in the immunoblots shown in (A).3. Results and discussion
3.1. Identiﬁcation of three clusters of evolutionarily conserved residues
within the DmSNAP43 DNA-binding domain bounded by residues 193
and 272
Initially to localize amino acid residues potentially required for
DNA-binding activity within the DmSNAP43 DNA-binding domain
(193–272), SNAP43 protein sequences from ﬁve different Drosoph-
ila species and one mosquito species were retrieved from Flybase
(http://ﬂybase.org). These sequences were then aligned by utilizing
the constraint based protein multiple alignment tool (COBALT)
(http://www.ncbi.nlm.nih.gov/tools/cobalt/). The alignment with
amino acid residues 193–272 of DmSNAP43 is shown in Fig. 1B.
The most conserved amino acid residues in the fruit ﬂy SNAP43 se-
quences fell primarily into three clusters (1, 2, and 3, as denoted by
horizontal lines above the Dm43 sequence). Most of the conserved
residues in clusters 1 and 2 were also conserved in mosquito
SNAP43 (line labeled Ag43), but the residues in cluster 3 were
not well conserved between fruit ﬂies and mosquitoes (results
not shown). Most of the consensus residues in clusters 1 and 3
were hydrophobic amino acids, whereas most of the consensus
residues in cluster 2 were uncharged polar amino acids.
To examine the possibility that these conserved residues might
be required for DmSNAPc to bind to DNA, we used site-directed
mutagenesis to convert many of the most conserved amino acids
within each cluster to alanines. The resultant DmSNAP43 mutant
constructs were named mut1, mut2, and mut3 in reference to the
conserved cluster of residues where the alanine substitutions were
introduced. Tagged wild type or mutant constructs were individu-
ally co-overexpressed in stably transfected D. melanogaster S2 cells
together with untagged DmSNAP50 and DmSNAP190. DmSNAP
complexes containing tagged wild type or mutant DmSNAP43 werepuriﬁed from the stably transfected cells by nickel-chelate
chromatography.
3.2. Mutation of DmSNAP43 amino acid residues in two of three
conserved clusters compromised the DNA-binding activity of
DmSNAPc
To determine whether the mutant DmSNAP43 proteins were
able to assemble in vivo with the co-expressed DmSNAP50 and
DmSNAP190 subunits, immunoblotting was used to examine the
co-puriﬁcation of DmSNAP50 and DmSNAP190 with the tagged
wild type or mutant DmSNAP43 constructs. The top panel in
Fig. 2A shows that both wild type (lane 1) and DmSNAP43 mutant
proteins (lanes 2, 3, and 4) could be detected in the nickel column
elution fractions. Importantly, both DmSNAP50 and DmSNAP190
co-puriﬁed with the wild type and each mutant DmSNAP43 con-
struct (Fig. 2A, middle and bottom panels). This indicates that the
alanine substitutions introduced into DmSNAP43 (mut1, mut2 or
mut3) did not affect the ability of the mutant proteins to associate
with DmSNAP50 and DmSNAP190 to form the DmSNAP complex.
This result is in agreement with earlier truncation studies that indi-
cated this domain (193–272) was not required for DmSNAP43 to
associate with either DmSNAP50 or DmSNAP190 [19].
Next, to investigate the effect of these alanine substitutions on
DmSNAPc DNA-binding activity, the wild type and mutant com-
plexes were subjected to EMSA analysis (Fig. 2B). Protein amounts
in each lane were normalized as determined from the immunoblot
data shown in Fig. 2A. Complexes that contained either wild type
DmSNAP43 or DmSNAP43 mut1 bound efﬁciently to the U1 PSEA
(Fig. 2B, lanes 1 and 2). However, the DNA-binding activity of the
complex that contained DmSNAP43 mut2 was severely compro-
mised (Fig. 2B, lane 3). Finally, DmSNAPc that contained DmSNAP43
cluster 3 mutations lacked detectable DNA-binding activity (lane
4). These results indicated that amino acid residues substituted
with alanine within clusters 2 and 3 were required for DmSNAPc
to bind efﬁciently to the U1 PSEA. Furthermore, when the maxi-
mum permissible amount by volume of the mut2 and mut3
proteins were used in EMSA analysis (1.5 times the normalized
AB
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Fig. 3. Alanine scanning mutagenesis within the DNA-binding domain of DmSNAP43 between residues 193 and 272. (A) Locations of alanine substitutions in 14 mutant
DmSNAP43 constructs. The line labeled Dm43 shows the DmSNAP43 sequence between residues 193 and 272. Bold font indicates the positions of the evolutionarily
conserved residues identiﬁed in Fig. 1B; residues were additionally underlined if they perfectly matched the consensus amino acid at the given position (Fig. 1B). The lines
labeled mut1 to mut14 indicate the locations of the alanine substitutions within each of the 14 constructs. (B) Immunoblots demonstrating that DmSNAP50 and DmSNAP190
co-puriﬁed with tagged DmSNAP43 wild type and mutant constructs following nickel-chelate column chromatography. Analysis was carried out as described in the legend to
Fig. 2. The amounts of protein loaded in each lane were 2.0, 5.4, 4.8, 2.9, 2.9, 7.2, 6.0, 2.4, 5.4, 4.5, and 5.4 lL, respectively for lanes 1–11. (C) EMSA of nickel column-puriﬁed
DmSNAP complexes. To assure that approximately the same amount of DmSNAPc was added to each reaction, the amounts of protein employed were the same as the
amounts of protein used in the immunoblots shown in (B).
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there was little or no increase in the intensity of the shifted band
(data not shown).
3.3. Alanine substitutions outside the conserved clusters had little or
no effect on DmSNAP complex formation or DNA-binding activity
To more comprehensively evaluate the roles of the amino acid
residues within the DmSNAP43 DNA-binding domain (193–272),
11 additional alanine substitution mutants of DmSNAP43 were
prepared that scanned throughout the entire region comprising
residues 193–272. These 11 additional DmSNAP43 mutants are
illustrated in Fig. 3A. Althoughmost have ﬁve alanine substitutions,
some have fewer (mut6 and mut7) and one (mut4) has six alanine
substitutions. Furthermore, although most of these alanine substi-
tutions occur at residues that are not evolutionarily conserved,some of the new mutations are at well-conserved positions that
were not included in the ﬁrst round of alanine substitutions.
Following puriﬁcation by nickel-chelate chromatography, com-
plex formation was assessed by immunoblotting to measure co-
puriﬁcation of the DmSNAP50 and DmSNAP190 subunits with
the 6His-FLAG-tagged DmSNAP43 mutant constructs (Fig. 3B).
Lanes 1–11 in the upper panel of Fig. 3B show that each of the
tagged DmSNAP43 variants was detected in the elution fractions.
The middle and bottom panels show that, as expected, both
DmSNAP50 and DmSNAP190 co-puriﬁed with each of the
DmSNAP43 constructs. These results, together with those of
Fig. 2A, indicated that none of the non-alanine amino acid residues
in the DmSNAP43 (193–272) domain was essential for DmSNAP43
association with DmSNAP50 and DmSNAP190.
Next, the DNA-binding activities of DmSNAP complexes con-
taining DmSNAP43 mut4 to mut14 constructs were analyzed by
Fig. 4. ChIPs from stably transfected S2 cells that overexpress FLAG-tagged DmSNAP43 constructs that contain alanine substitutions. Anti-FLAG antibodies were used for ChIP
to examine ability of the mutant constructs to bind to the U1 promoter in vivo (lanes labeled aFLAG). Positive controls utilized anti-DmSNAP43 antibodies prepared against
full-length DmSNAP43 (a43). Pre-immune antibodies (PI) were used as negative controls. Lanes labeled ‘‘total’’ were positive PCR controls that utilized 20% of the unselected
total input DNA.
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were also carried out with wild type and mut1, mut2, and mut3
complexes analyzed on the same gel (Fig. 3C, lanes 1–5). Consistent
with the results shown in Fig. 2B, wild type and mut1 complexes
efﬁciently bound to the U1 PSEA (Fig. 3C, lanes 1, 2 and 5), but
mut2 and mut3 complexes exhibited signiﬁcantly reduced or no
detectable PSEA-binding activity (Fig. 3C, lanes 3 and 4). On the
other hand, complexes that contained the remaining DmSNAP43
mutants retained DNA-binding activity comparable to the wild
type (Fig. 3C, lanes 6–16). A possible exception was mut11 which
appeared to have a partially reduced DNA-binding activity
(Fig. 3C, lane 13). It is notable that these mut11 alterations were
in close proximity (Fig. 3A) to the mut3 mutations that eliminated
DmSNAPc DNA-binding activity (Figs. 2B and 3C). In fact, mut11 in-
cludes mutations within conserved cluster 3 which is rich in amino
acids with bulky hydrophobic side chains (Fig. 1B). Interestingly, in
mut11 well-conserved hydrophobic branched-side-chain amino
acids at positions 254 and 255 (valine and leucine) were mutated
(Fig. 3A). Thus, it is possible that the valine and leucine residues
at these positions in DmSNAP43 contribute to the DNA-binding
activity of DmSNAPc.
3.4. In vivo DNA-binding activities correlate with those observed
in vitro
EMSA experiments described above examined the effect of
alanine scanning mutations on the in vitro sequence-speciﬁc
DNA-binding activity of DmSNAPc. To examine the DNA-binding
activity of these mutants in vivo, chromatin immunoprecipitation
(ChIP) assays were conducted by using the same stably transfected
cell lines that were employed to make extracts for protein puriﬁca-
tion. ChIPs were carried out by using antibodies against the FLAG
epitope of the tagged DmSNAP43 constructs to examine their
in vivo occupancy of the well-characterized endogenous U1:95Ca
gene promoter. Polyclonal antibodies prepared against full-length
DmSNAP43 were used as positive ChIP controls for their ability
to detect endogenous DmSNAP43 as well as the overexpressed
tagged DmSNAP43 constructs on the U1 promoter.
In the transfected cell line that overexpressed tagged wild type
DmSNAP43, the anti-FLAG antibodies efﬁciently precipitated the
U1 promoter (Fig. 4, lane 3), although with less efﬁciency than
the polyclonal antibodies (lane 1). The mut1 DmSNAPc, that con-
tains alanine substitutions in DmSNAP43 conserved residues of
cluster 1, likewise was able to bind to the U1 promoter in vivo
(Fig. 4, lane 7). In contrast, DmSNAP43 with mutations in cluster2 or cluster 3 (mut2 or mut3) were not present in signiﬁcant
amounts at the U1 promoter (Fig. 4, lanes 11 and 15). These ﬁnd-
ings were consistent with the results of the in vitro DNA-binding
assays shown in Figs. 2B and 3C.
ChIP results from cells expressing DmSNAP43 mut4 to mut14
are shown in lanes 17–60 of Fig. 4. In every case, a signal was ob-
tained with the FLAG-antibodies that exceeded the background ob-
served with the pre-immune antibodies. Furthermore, the signal
was generally slightly weaker than that obtained with the total in-
put DNA. Together, the results indicate that all of the mut4 to
mut14 constructs retained DNA-binding activity in vivo.
4. Conclusions
In accord with previous ﬁndings [19], the alanine scanning data
presented here showed that none of the amino acid residues with-
in DmSNAP43 (193–272) was essential for DmSNAP43 to associate
either with DmSNAP50 or with DmSNAP190 (Figs. 2A and 3B). Be-
cause complex formation was unaffected, this provided us with an
opportunity to evaluate the contribution of residues throughout
this entire region to the DNA-binding activity of intact DmSNAPc.
Results shown in Figs. 3 and 4 revealed that two clusters of evolu-
tionarily conserved residues within this domain were required for
the DNA-binding activity of DmSNAPc in vitro and in vivo, whereas
residues outside of these conserved clusters had little or no effect
on DNA-binding activity. For example, alanine substitutions of
DmSNAP43 residues conserved in cluster 2 severely compromised
DNA binding by the complex, and a combination of alanine substi-
tutions of residues conserved in cluster 3 totally eliminated the
ability of the complex to bind to DNA. Also, the partial reduction
in DNA binding observed with DmSNAP43 mut11 might be attrib-
uted to the mutation of two hydrophobic branched-side-chain res-
idues conserved at the C-terminal end of cluster 3.
On the other hand, alanine substitutions in residues in cluster 1
had no effect on DNA binding by DmSNAPc even though many of
those residues were well conserved among ﬂies and the mosquito.
In fact, a couple of these residues are conserved even in vertebrates
(unpublished observation). Taking into consideration that the
DmSNAP43 (193–272) domain exhibits very little overall sequence
similarity with vertebrate SNAP43, it is plausible that these con-
served residues might be important for SNAP43 functions other
than DNA binding. For example, photo-cross-linking studies [16]
have placed this domain of DmSNAP43 closer to the transcription
start site than other components of DmSNAPc and near to sites nor-
mally occupied by constituents of the transcription pre-initiation
846 K.-H. Hung, W.E. Stumph / FEBS Letters 586 (2012) 841–846complex. Thus this DmSNAP43 domain may also play a role in
recruitment of the RNA polymerase II and/or RNA polymerase III
general transcription factors into pre-initiation complexes estab-
lished on snRNA genes. Further experiments will be required to
evaluate such possibilities.Acknowledgments
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